, \
film V, and bulk V. We present a series of graphs at 3/2 varying S and ~ for six different values of S~ to facilitate the determination of approximate barrier parameters without lengthy computer calculations. As a test of the method, we have applied it to the most extensively studied tunneling barrier: that grown thermally in air on an aluminum electrode. The method gives ~ = 2.62 ± .12 eV, in agreement with recent 3 independent measurements by other workers. The effective barrier thickness S, of course varies with junction resistance, but the value of 20 A for a 1300 n/cm 2 junction is also in agreement with measurements . 4
by other workers. The value of the average barrier thickness obtained from capacitance measurements was then compared with S to obtain an estimate of microscopic barrier nonuniformity. This comparison shows that the standard deviation of the barrier thickness is approximately 5 A.
We have also applied the method to three less well-studied tunneling barriers, those grown thermally on thin film Cr and on bulk and thin film V. Our results for the barrier heights are approximately 0.6 eV for Cr, 0.2 eV for bulk V, and 0.1 eV for thin film V, with barrier thicknesses in the 12-30 A range~ The differences between the values for barriers grown on bulk vs. thin film V will be discussed and illustrate the importance of knowing barrier parameters before comparing results on systems that might ~ priori be assumed to be identical.
For the convenience of experimentalists in obtaining a quick estimate of barrier parameters, we have plotted the family of S-~ curves for six values of s~3/2. Although these curves cannot, of course, give as accurate results as the full calculation for the exact 3/2 value of S~ ,they should be useful as a roughi,guide.
I I. THE MODEL AND CALCULATION
The simplest useful model of a tunnel junction is that of two free-electron-gas metals separated by a thin insulating layer (Fig la) .
,. , l.;
.:;
The potential barrier, formed by the forbidden gap of the insulator, is parameterized by its thickness S and height ~~ Image force corrections are neglected. At nonzero bias (Fig. Ib) the Fermi levels of the metals are offset and a net tunneling current flows through the barrier.
In order to make the model as simple as possible we show the barrier as rectangular at zero bias, even though most real barriers are probably trapezoidal. This point will be discussed further in Section V-C.
This simple model makes no pretense of describing the details of a real insulator a few atomic layers thick grown on a metal surface and cannot, of course, be expected to reproduce fine structure in the tunnel current. It may in fact introduce some artificial structure because of the discontinuous potential changes at the edges of the barrier. Nevertheless, this simple model will be shown to need only a minor modification--assumption of a microscopically nonuniform barrier with standard deviation of ~ 5A--to reproduce the currentvoltage curves of real junctions over five orders of magnitude of tunnel current.
The details of this model have been worked out in other sources (e.g., ref. 5) and will not be reproduced here. For free electrons which tunnel independently, the tunnel current density through the barrier at zero temperature can be written as 6 
The integration of Eq. (1) with this expression for D(E ) was done x numerically on a large digital computer to give the tunnel current density as a function of.voltage.
III. EXPERIMENT (2)
The AI, Cr, and thin film V junctions were fabricated by electron beam evaporation of,high purity metals in an ion-pumped vacuum chamber ' .
,? Therefore all data were taken with the samples immersed in liquid helium. In order to observe the superconducting characteristics of the Pb, 'V, and Al electrodes, most data were taken at about : 10K.
IV. ANALYSIS
In the limit of high bias (V»~) Eq. (1) can be approxim~ted by:
This is the well-known Fowler-Nordheim relation and implies that a graph of 1n(I/V 2 ) plotted against l/V for a junction described by Eq. In this way we obtain an experimentally determined value for s~3/2. However, we cannot yet determine either S or ~ itself. In order to do this, a family of calculated current-voltage curves is produced fromEq. (1) using different values of S and ~ for each, . .
chosen so that the product s~3/2 is kept constant. Part of the family for s~3/2 = 79 is shown in Fig. 3 . Then the experimental data are compared with each member of the calculated family until one is found which most closely matches the data. Since a relatively small change in the barrier parameters assumed for the calculation results in a considerable change in both the shape and magnitude of the calculated curves, the fit is a sensitive one. .'
.,,' l..) ) ",) 8
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This discrepancy leads us to a refinement in our model for the barrier. In both the tunneling and capacitance calculations we have assumed a plane parallel geometry for the junction. This is certainly not the case in a real junction. The grown oxide does not cover the oxidized electrode in a layer uniform on the scale of a few angstroms, and thus there are some areas which are thinner and some which are thicker. Therefore, we conclude that a thermally oxidized tunneling barrier is microscopically nonuniform and that the capacitatively determined thickness is to a good approximation the mean thickness of the insulating barrier. The thickness derived from tunneling measurements is,
however, the thickness which must be used to determine a barrier height from a Fowler~Nordheim value of s~3/2, not the capacitative thickness, which results in a considerable underestimate of ~.
2. Barrier height. The most convincing independent measurement 16 of barrier height is obtained from photoemission over the barrier. These are sufficiently close to the values we obtain to give us confidence in our procedure.
Further, in Fig. 1 we show the Fermi level halfway between the valence and conduction bands in the insulator. This is true for an insulator without impurities in our simple model and predicts that the tunneling barrier is just one-half the optical bandgap in the insulator. While nothing is so simple in a real junction, there seems to be a remarkably close correspondence in the aluminum oxide barrier.
Our values of ~ lie between 2.5 and 2.75 volts, while half the band First, the barrier height we obtain is practically constant for a given barrier grown in the same way on the same material, and therefore we conclude that we are measuring an intrinsic property of the material. Our calculations show that the peak depends sensitively on the shape chosen for the barrier: It can be either above or below the actual barrier height by as much as 20%, and for some barrier shapes it does not occur. In the case of our aluminum samples, the logarithmic derivative rises without peaking to our highest bias.
For the model.we use and the junction shown in Fig. 4 , we estimate the peak would occur at about 3 volts. However, the junction would then be dissipating more than 200 watts/cm 2 • In the thin film Cr and V samples, the logarithmic derivative decreases monotonically, even though we have data to more than twice the barrier height. Only in the junctions made on bulk V do we see a peak, and then only on some samples. For the sample shown in Fig. 6c , we obtain a peak at 0.2 eV, in good agreement with our measurements. Because the voltage (horizontal) scale is different for the different members of Fig. 7 , they bear a superficial resemblance to each other. However, curve shapes are actually quite different between the various families, and we have been able to find no means of parameterizing the curves into one universal family.
D. Graphs for Various

VI. CONCLUSION
Our general method is to determine the combination of parameters s¢3/2 for a particular junction from a Fowler-Nordheim plot of the experimental data. We then perform a model calculation using several 3/2 values of Sand ¢ with the product S¢ held equal to the experimentally determined one. Experimental data are compared to the calculated curves and barrier parameters are assigned based on the curve to which the data corresponds most closely.
We have tested the method with an A1-I-A1 junction and one bias polarity. The method is general, however, and does not seem to be affected appreciably by a barrier whose height is not the same on both sides at zero bias. That is, barrier thickness determined seems to. be independent of polarity and the barrier height seems to correspond to those determined by others for the corresponding polarity, even though our calculation is done for a symmetric barrier model. Although our model is simple, we obtain fits to data which are both excellent over a 21 large range and highly sensitive to the choice of barrier parameters.
Further, from our analysis, we believe this simple model of an insulating tunnel barrier to be as detailed as is necessary to consider from an analysis based on macroscopic properties (tunnel current and capacitance). The trapezoidal model seems to be a reasonably adequate description of the barrier. The barrier heights on the two sides of the barrier are often unequal, but the barrier height does not appear to vary over. the junction area. -The barrier thickness is not uniform, but the variation, which is on a microscopic scale, can be approximated, at least for the purposes of calculation, by a Gaussian distribution with a standard deviation which is a small fraction of the mean. 7f. Curves for approximating barrier parameters for a junction with 3/2 S¢ near 64.
However, we have been able to make satisfactory parameterizations for some junctions for which we could not reach a high enough bias to observe a peak in the logarithmic derivative of the IV curve. The voltage difference is small in these cases; the current difference is enormous. -27-LBL-1854 .. With respect to all contributions of AEC and AEC contractor (University of California) employees, the U.S. Government is granted a nonexclusive irrevocable, paid-up license in any copyright, with the right to republish material authored by such AEC or AEC contractor employees. 
